During the last years especially Near-Infrared Spectroscopy (NIRS) has been introduced as a very efficient and non-destructive analytical tool for the reliable determination of secondary metabolites in medicinal and aromatic plants. In this context, feasibility studies were performed in order to get a deeper insight regarding possible applications, but limits of NIR spectroscopy were also pointed out in this special field of research. Up to now, numerous NIR calibrations have been developed to predict simultaneously the amount of minor volatile as well as non-volatile substances in various tea drugs, medicinal herbs and aromatic plants (e.g. Carum carvi, Foeniculum vulgare, Mentha x piperita, Salvia officinalis, Origanum marjorana, Thymus vulgaris, Chamomilla recutita, Papaver somniferum, Rosmarinus officinalis, Echinacea angustifolia, Echinacea pallida, Aspalathus linearis, Camellia sinensis). Since in principle NIRS measurements can also be performed on fresh plant material, it is possible to use this method for the prediction of the optimal harvest time or for the selection of individual genotypes directly in the field. Recently, a special midinfrared technique (ATR/FT-IR) in combination with sophisticated chemometrical algorithms was also found to have some potential for direct plant analysis without the necessity to perform any clean-up procedures. In contrast to NIR measurements, the observed fundamental absorption bands occurring in the mid-infrared (MIR) range can be related to concrete functional groups of the individual analyte molecules. Furthermore, NIR-FT-Raman spectroscopy, which is to be seen as a complementary method to MIR, has already been applied to investigations of distinctive substances in several medicinal and aromatic plants. Using Nd:YAG laser excitation at 1064 nm, various important plant substances were analysed non-destructively and the observed "key Raman bands" were discussed with regard to the corresponding pure standard components (e.g. polyacetylenes, gentiopicroside, curcumin, cinnamyl aldehyde).
INTRODUCTION
During the last few years, several near-infrared (NIR), mid-infrared (MIR) and Raman spectroscopy methods have been developed and successfully applied to efficiently predict the content of valuable substances in medicinal or aromatic plants and related products (Daferera et al., 2002; Schrader et al., 1999; Schulz et al., 1999a; Schulz et al., 1999b; Schulz et al., 2000; Schulz et al., 2001; Schulz et al., 2002a; Schulz et al., 2002b; Schulz et al., 2002c; Steuer et al., 2002) . Whereas NIR spectroscopic methods have been established for several decades in plant analysis, spectroscopy methods making use of the mid-infrared range have so far been of only secondary importance. By means of attenuated total reflectance (ATR) sample determination techniques, using a special ATR crystal made from diamond ZnSe, it is possible today to obtain well-resolved MIR spectra directly from fresh or dried plant material. These spectra, recorded in the wavenumber range between 650 and 4000 cm -1 , provide a high level of specific molecular informations which can at least partly be interpreted qualitatively without the application of chemomet-182 ric algorithms.
In most cases, non-destructive measurements of natural plant substances by Raman spectroscopy has not been possible because conventionally used exciting lines from the UV-Vis range lead to thermal decomposition of the material and often the Raman spectra are overlaid by the fluorescence of many matrix compounds, even when they are present only as traces. This is due to the fact that the quantum yield of fluorescence is of the order of 1, while the quantum yield of Raman spectroscopy is, however, about 6 to 10 orders of magnitude smaller (Schrader, 1995) . Performing the excitation with the radiation of a Nd:YAG laser at 1064 nm, fluorescence and photochemical degradation can be effectively eliminated. Generally, these conditions mark a global optimum for the nondestructive recording of Raman spectra of living cells (Andreev et al., 2001) ; therefore today, analysis of secondary metabolites in green plants is no longer a problem.
By combining excitation in the visible range with the surface enhancement technique using silver sols, it is also possible to study the distribution of the individual secondary metabolites in the essential oil cells of oregano (Origanum vulgare) and thyme (Thymus vulgaris) (Rösch et al., 1999) .
MATERIALS AND METHODS
Most of the analyzed plant material was cultivated in the experimental garden of the Federal Centre of Breeding Research on Cultivated Plants (BAZ) in Quedlinburg (Germany). Other plant samples were bought at local food markets.
Pure standard substances were purchased from Roth (Karlsruhe, Germany), Sigma-Aldrich (Taufkirchen, Germany) and Extra-Synthese SA (Genay, France). The other reagents were of analytical grade and used without further purification.
Reference Analyses
The clean-up of the fresh and air-dried samples was performed using usual solvent extraction, solid-phase extraction or hydro-distillation methods.
Volatile analyte molecules, such as terpenoids, were analyzed by GC and GC-MS applying the individual separation and detection conditions.
Other plant constituents, not detectable by GC without decomposition, were determined by HPLC-DAD or LC-MS measurements.
NIR Spectroscopy Measurements
NIR measurements of leaves, roots and fruits were mainly performed in the reflectance mode by a dispersive near-infrared NIR System 5000 (Foss Instruments Inc.; Hamburg, Germany). The wavelength region for all calibrations was 1100 to 2500 nm with an optical resolution of 2 nm.
ATR-IR Spectroscopy Measurements
The mid-infrared analyses were carried out on a portable diamond ATR/FT-IR Spectrometer System (Resultec Analytical Equipment, Garbsen, Germany) in a single reflection configuration. Approximately 2-10 mg of the finely ground drug material were placed on the surface of the diamond composite ATR crystal. An intimate contact between the sample and the sensing device was achieved with the use of a load-restraining pressure applicator. The instrument can be easily operated by a 12 Volt car battery fitted with a Michelson interferometer with fixed and moving corner-cube mirrors and a DLATGS detector. The measurements were performed in the wavenumber range between 650 and 3500 cm -1 with a spectral resolution of 2 cm -1 .
Raman Spectroscopy Measurements
The Raman spectra were recorded on a RFS 100 (Bruker Analytik GmbH, Rheinstetten, Germany) equipped with a diode-pumped Nd:YAG laser, emitting at 1064 nm, and a germanium detector cooled with liquid nitrogen. All spectra were measured with a resolution of 4 cm -1 in the range between 200 and 3700 cm -1 with a laser power of ca. 350 mW supplied by a non-focused laser beam. The samples were investigated in a small test tube at the centre of a hemispherical mirror which has the property of integrating the Raman radiation of inhomogeneous samples.
RESULTS AND DISCUSSION
Based on several hundred reference samples, the essential oil content as well as the quantification of valuable oil components in intact caraway and fennel fruits were determined by NIR spectroscopy. Since the samples were received from gene bank accessions and different breeding experiments over more than five years, a very high variability concerning the individual quality parameters was obtained. Due to the high accuracy and efficiency of the applied NIRS technology, some new fennel cultivars with added values have been recently developed. In this context, more than seven thousand nondestructive measurements on fruits of single plants were performed (Schulz et al., 2000) .
As to be seen in Table 1 , the essential oil content as well as the amount of the most important monoterpenoids menthol and menthone can be reliably predicted by NIRS (Schulz et al., 1999a) . For those components, which usually occur in smaller amounts (e.g. limonene, 1,8-cineole, menthofuran, isomenthone and pulegone) at least a semiquantitative determination is possible.
Results with a similarly high prediction quality were obtained from measurement performed on sage leaves. The individual essential oil and thujone contents can be analysed simultaneously not only in the drug, but also in the fresh leaves within a few seconds. Furthermore, the authentic phytochemical status of marjoram drug can be reliably described using an appropriate NIRS method. In this case the reference GC analysis results should be obtained from marjoram drug carefully extracted with isooctane in order to prevent the production of artifacts such as α-and γ-terpinene or terpinen-4-ol (Schulz et al., 1999b) .
For 30 years carnosic acid, a valuable phenolic diterpene, has been well known as a powerful antioxidant. Because carnosic acid tends to build artifacts with γ or δ-lactone structure, the clean-up (solvent or CO 2 extraction) for subsequent HPLC analysis must be carried out very carefully. Applying a new developed NIR method, the carnosic acid content can be predicted without performing any pre-treatments. Furthermore, it is possible to determine simultaneously the essential oil content as well as the amount of major terpenoids such as 1,8-cineole, camphor, α-pinene and camphene. For all mentioned substances the calibration equation shows high R 2 values (> 0.9) and the corresponding SECV values are in the same scale as the standard errors of the individual reference method .
Green tea (Camellia sinensis), which has become very popular also in Europe during the last few years, contains up to 30% catechins in the dry leaf. As described earlier (Schulz et al., 1999c) , the NIRS technique permits the estimation of the most important quality parameters such as total phenolics, individual catechins (EC, ECG, EGC, EGCG), caffeine, theobromine and dry matter contents simultaneously in less than 1 min. This is especially advantageous when large numbers of samples have to be analysed, for example, in breeding programs or cultivation of tea plantations (e.g. prediction of optimal harvest time). But the NIRS method can be also applied for quality control purposes of green tea and process control in the industry (control of instant and decaffeinated tea products).
Good NIRS calibration statistics were also obtained for the prediction of the echinacoside content in the roots of Echinacea pallida and E. angustifolia (calibration range: 0.04-3.33 g/100 g dried root; R 2 = 0.94; SECV = 0.23 g/100 g dried root). Optimal results can be reached when using a dispersive spectrometer covering the spectral range from 1100 to 2500 nm (Schulz et al., 2002) .
Although only small differences are seen in the NIR spectra recorded from unfermented and fermented rooibos (Aspalathus linearis), application of principal component analysis (PLS) to the spectral data could be performed to discriminate between these teas. The first three principal components account for 85% of all variation in the NIR spectra. Waste material, such as plants damaged by attack of the fungus Diaporthe phaeseolorum, could also be clearly discriminated from those rooibos samples collected from healthy plants. Furthermore, a fast NIR method for the determination of the aspalathin content in unfermented rooibos samples was developed. Using second-derivative treatment, the R 2 was found to be 0.76, and a SECV of 0.65 g/100 g was obtained (calibration range = 2.9-9.0 g/100 g).
Poppy (Papaver somniferum) is well known as a medicinal plant in various regions in the world. Extracts with high morphine contents are used in the pharmaceutical and chemical industry. For this purpose it is very important to have poppy plants which are standardised with regard to the content and composition of the alkaloid substances (morphine, codeine, papaverine, thebaine, noscapine). Therefore, based on 200 dried and milled poppy capsules, a new NIRS calibration equation was developed presenting very high correlation coefficients between the NIR second derivative and the HPLC reference data.
Preliminary NIRS calibrations were also established to determine the valuable substances (α-bisabolol, matricin, sum of GC volatiles) in chamomile single-plants (Chamomilla recutita). The obtained statistic values show that the mentioned components can be reliably predicted in homogeneous chamomile drugs (Table 2) .
Thyme (Thymus vulgaris) is mainly cultivated for essential oil production but the drug itself is also utilised in spice mixtures and as a bioactive additive for pet food. The spicy-phenolic odor is mainly related to the volatile components thymol and carvacrol which present significant differences in the spectral range between 2300 and 2500 nm. It can be assumed that the very good NIRS prediction quality (thymol: R² = 0.92, SECV = 1.32 ml/100 g; carvacrol: R² = 0.98, SECV = 0.14 ml/100 g) obtained for these two essential oil components is predominantly influenced by this spectral variance.
Whereas first applications of attenuated total reflectance ATR-IR were already performed more than 30 years ago, so far, it is not possible to use this technique for direct measurements on different plant materials. One particular reason for this is there was no chance to adjust the contact between the plant sample and the ZnSe-ATR crystal adequately. Now it is easily possible to overcome these problems applying a new, mobile Fourier-Transform (FT) spectrometer, which is equipped with a new composite diamond ATR crystal. Thanks to a specially designed sample press, it is possible to achieve excellent and reproducible ATR conditions at different pressures. The IR spectra measured in the wavenumber range between 650 and 4000 cm -1 provided a high level of specific information of the individual analyte molecules, which can at least partly be interpreted qualitatively without the use of any chemometric methods.
Recently, some ATR-IR calibrations have been successfully applied to determine the content of valuable or carcinogenic substances in various aromatic plants (e.g. in different basil and thyme chemotypes). All these methods were found to be very useful tools for the efficient selection of special high-quality plants, which are best adapted to the demands set by the consumer, the individual pharmacopoeia and the legislator.
The successful application of ATR-IR spectroscopy in combination with sophisticated chemometry has also been demonstrated for various isolated essential oils (e.g. peppermint, basil, chamomile, thyme, oregano as well as various citrus species) (Steuer et al., 2002; Schulz et al., 2002a) . Since only a very small sample amount is necessary (approx. 10 µl) it provides an interesting alternative to the commonly used GC measurements.
Generally, Raman spectra give important information about molecular and crystal structures complementary to the relating IR spectra. But up to now, non-destructive Raman analyses of natural substances in plants, using exciting lines from the visible part of the spectrum have not been successfully performed because of thermal decomposition and strong fluorescence. This negative effect can be minimised using exciting lines from the near infrared range, especially the line of the neodymium doped yttrium aluminium garnet (Nd:YAG) laser at 1064 nm.
During the last few years it was demonstrated that NIR-FT-Raman spectroscopy is a very potent tool for the non-destructive analysis of biomaterials. It was shown that the flower heads of chamomile present exactly the same characteristic polyacetylene bands at 2141 and 2231 cm -1 as the pure spiroether standard. In addition, the Raman spectrum contains signals of some other plant constituents, especially of carotenoids (bands to be observed at 1155 and 1525 cm -1 ) (Schrader et al., 1999) . The Raman spectra obtained from the roots of Gentiana lutea, Gentiana punctata and the standard sample gentiopicroside are quite similar. The most intense bands in the spectra of both gentian species, at 1684 (unsaturated δ-lactone), 1642 (-CH=CH2), 1608 cm -1 (ν s diene) and bands between 700 and 900 cm -1 (COC and CCO) and other strong bands appear in the same wavenumber positions as in the spectrum of gentiopicroside.
In an analogous way, the spectra of the root of Curcuma longa and a curcumin standard were compared with each other (Fig. 1) . The most intense bands of the standard appear at 1629 (CO-C=C) and 1602 cm -1 (benzene-ring); bands at about 1185, 1115 and 965 cm -1 (COC and COH) and additionally some other bands occur in the same positions as in the root spectrum. As presented in Fig. 2 , the Raman spectra of cinnamon bark and cinnamyl aldehyde are surprisingly identical, regarding the band positions and their relative intensities: 1674 and 1627 cm -1 (C=O, C=C), 3064, 1598 and 1002 cm -1 are typical for a mono-substituted benzene-ring.
CONCLUSION
Generally, all vibrational spectroscopy techniques described in this study have the potential to replace existing standard procedures such as GC or chemical-physical measurements for quality control purposes. Furthermore, NIR and Raman spectroscopy allow on-line analysis during distillation or extraction processes to be performed. Besides this, there exists the option to connect a Raman spectrometer with a microscope which offers the opportunity to map in vivo the occurrence of selected secondary metabolites in the intact plant matrix. Tables   Table 1. NIRS correlation statistics for the essential oil as well as the menthone and menthol content in dried peppermint leaves. Parameter Range (ml/100 g) drug SECV (ml/100 g) drug R Fig. 1 . Raman spectra of Curcuma longa root (a) and a curcumin standard (b). 
